Studying the secondary structure of proteins leads to an understanding of the components that make up a whole protein, and such an understanding of the structure of the whole protein is often vital to understanding its digestive behaviour and nutritive value in animals. The main protein secondary structures are the a-helix and b-sheet. The percentage of these two structures in protein secondary structures influences protein nutritive value, quality and digestive behaviour. A high percentage of b-sheet structure may partly cause a low access to gastrointestinal digestive enzymes, which results in a low protein value. The objectives of the present study were to use advanced synchrotron-based Fourier transform IR (S-FTIR) microspectroscopy as a new approach to reveal the molecular chemistry of the protein secondary structures of feed tissues affected by heat-processing within intact tissue at a cellular level, and to quantify protein secondary structures using multicomponent peak modelling Gaussian and Lorentzian methods, in relation to protein digestive behaviours and nutritive value in the rumen, which was determined using the Cornell Net Carbohydrate Protein System. The synchrotron-based molecular chemistry research experiment was performed at the National Synchrotron Light Source at Brookhaven National Laboratory, US Department of Energy. The results showed that, with S-FTIR microspectroscopy, the molecular chemistry, ultrastructural chemical make-up and nutritive characteristics could be revealed at a high ultraspatial resolution (,10 mm). S-FTIR microspectroscopy revealed that the secondary structure of protein differed between raw and roasted golden flaxseeds in terms of the percentages and ratio of a-helixes and b-sheets in the mid-IR range at the cellular level. By using multicomponent peak modelling, the results show that the roasting reduced (P,0·05) the percentage of a-helixes (from 47·1 % to 36·1 %: S-FTIR absorption intensity), increased the percentage of b-sheets (from 37·2 % to 49·8 %: S-FTIR absorption intensity) and reduced the a-helix to b-sheet ratio (from 0·3 to 0·7) in the golden flaxseeds, which indicated a negative effect of the roasting on protein values, utilisation and bioavailability. These results were proved by the Cornell Net Carbohydrate Protein System in situ animal trial, which also revealed that roasting increased the amount of protein bound to lignin, and well as of the Maillard reaction protein (both of which are poorly used by ruminants), and increased the level of indigestible and undegradable protein in ruminants. The present results demonstrate the potential of highly spatially resolved synchrotron-based infrared microspectroscopy to locate 'pure' protein in feed tissues, and reveal protein secondary structures and digestive behaviour, making a significant step forward in and an important contribution to protein nutritional research. Further study is needed to determine the sensitivities of protein secondary structures to various heat-processing conditions, and to quantify the relationship between protein secondary structures and the nutrient availability and digestive behaviour of various protein sources. Information from the present study arising from the synchrotron-based IR probing of the protein secondary structures of protein sources at the cellular level will be valuable as a guide to maintaining protein quality and predicting digestive behaviours.
Studying the secondary structure of proteins leads to an understanding of the components that make up a whole protein (Dyson & Wright, 1990; Carey, 1996) , and such as understanding of the structure of the whole protein is often vital to understanding its digestive behaviour, nutritive quality, utilisation and availability in animals. Protein secondary structures include mainly the a-helix and b-sheet, with small numbers of b-turns and random coils (Carey, 1996;  Fig. 1 ). The percentage of these structures influences protein quality, nutrient utilisation, availability and digestive behaviour (Yu, 2004; Yu et al. 2004c) . A high percentage of the b-sheet structure may partly cause a low access to gastrointestinal digestive enzymes, which results in a low protein value and low protein availability. However, studies on protein secondary structures in relation to the nutritive value and digestive behaviour of protein in animals are extremely rare. Our recent primary research showed that different protein sources had different percentages and ratios of a-helixes and b-sheets in their protein secondary structures (Yu et al. 2004c ). These protein structures were highly associated with protein nutritive value.
In ruminants, heat-processing has been used to improve the utilisation and availability of nutrients (Yu et al. 2002) and inactivate anti-nutritional factors (van der Poel et al. 1990) , for example by reducing the solubility of the protein, fermentation and metabolism in the rumen, increasing the amount of protein entering the small intestine for absorption and digestion (Yu et al. 2002) , reducing the hydrogenation of conjugated linoleic acid in the rumen and increasing the amount of conjugated linoleic acid available in the small intestine (Soita et al. 2003) . The basic mechanism of altering protein digestive behaviour (Goelema, 1999) with heat-processing involves the denaturation, unfolding or uncoiling of a coiled or pleated structure (Holum, 1982) . Any temperature change in the environment of the protein that can influence the non-covalent interactions involved in the structure may lead to an alteration of protein structure (Goelema, 1999) , including protein secondary structure. New research (Seguchi et al. 2004) showed that heat-processing affected protein secondary structures and changed the a-helix to b-sheet ratio of egg white protein. These changes affected nutritive quality.
A published review shows that the effects of heat-processing on protein nutritive value, utilisation, availability and performance in animals are highly equivocal (Yu et al. 2004g) . Part of the reason is that the heating conditions inside a feed may not be optimal, the feed being either underheated or overheated (Yu et al. 2004g ). One of the methods often used for assessing protein digestive behaviour in ruminants is the Cornell Net Carbohydrate Protein System (CNCPS; Sniffen et al. 1992; Chalupa & Sniffen, 1994) , which partitions the protein into five fractions in relation to degradation behaviour in the rumen. One new approach proposed here to check the effects of heat-processing on protein value and nutrient availability is to look at the magnitude of changes in the protein secondary structures in the intrinsic protein structures of relatively 'pure' protein tissues, in terms of the percentages of a-helixes and b-sheets, as well as the a-helix to bsheet ratio, within the intact tissue. Most studies have focused on total chemical composition affected by heat-processing using traditional 'wet' chemical analysis without any consideration of inherent structural and matrix effects (Yu, 2004) . As we know, the protein value, quality, utilisation, availability and digestive behaviour are closely related not only to total chemical composition, but also to inherent structures and the component matrix (Yu et al. 2003a (Yu et al. , 2004a Yu, 2004) .
Traditional 'wet' chemical analysis fails to reveal feed structure and structural matrix information (Yu, 2004) , and fails to link tissue structural to chemical information (Budevska, 2002) . Advanced synchrotron-based Fourier transform IR (S-FTIR) microspectroscopy has recently been developed as a rapid, direct, non-invasive, non-destructive bioanalytical technique (Wetzel et al. 1998; Holman et al. 2002; Miller, 2002; Marinkovic et al. 2002; Yu, 2005a) , mostly for medical research. The technique takes advantage of synchrotron light brightness (being 100-1000 million times brighter than sunlight), and the small effective source size is capable of exploring the molecular chemistry within the structure of biological tissues without destroying structures inherent at a cellular level (Wetzel et al. 1998; Wetzel, 2001; Marinkovic et al. 2002; Miller, 2000 Miller, , 2002 Yu, 2004) . With S-FTIR, 'pure' protein and protein structural characteristics can be localised, and protein structural features can be revealed at a cellular level (Wetzel et al. 2003; Yu et al. 2004c ).
There has to date been very little application of this new technique to the study of inherent feed structures in relation to nutrient utilisation, digestive behaviour and availability in animals (Yu, 2004) . No research has been carried out to study the ultrastructural chemical and nutritive features of protein secondary structures in a feed within intact 'pure' protein tissue at a cellular level in relation to feed protein quality, utilisation and availability in animals.
The objectives of the present study were to use the advanced synchrotron technology (S-FTIR) as a new approach to reveal the molecular chemistry of the protein secondary structures of feed tissues affected by heat-processing within intact tissue at a cellular level, and to quantify protein secondary structures using multicomponent peak modelling Gaussian and Lorentzian methods, in relation to protein digestive behaviours and nutritive value in the rumen, which was determined using CNCPS. Information from the present study gained from the IR probing of feed protein secondary structures will be valuable as a guide to maintaining protein quality. It is believed that using the advanced synchrotron technology (S-FTIR) will provide an important contribution to protein nutritional research.
Materials and methods

Feed samples and heat-processing
The sample feed used for the present study was flaxseed. Raw and roasted golden (ID# 196-F2, 3258F) flaxseeds were obtained from CanMar Grain Products Ltd (Regina, SK, Canada) through Dr David A. Christensen's Research Laboratory (University of Saskatchewan, Canada).
Partitioning protein fractions
The crude protein (CP) fractions were partitioned according to the CNCPS (Sniffen et al. 1992; Chalupa & Sniffen, 1994) . Characterisation of the CP fractions as applied by this system is as follows: fraction PA is non-protein N (the fraction of CP that is instantaneously solubilised at time zero), fraction PB is true protein, and fraction PC is unavailable protein. Fraction PB is further divided into three fractions that are believed to have different rates of degradation in the rumen (Sniffen et al. 1992) :
. PB1 -the fraction of CP that is soluble in borate -phosphate buffer and precipitated with TCA;
. PB2 -total CP minus the sum of fractions PA, PB1, PB3 and PC;
. PB3 -the difference between the portions of total CP recovered with neutral detergent fibre and acid detergent fibre.
Buffer-insoluble protein minus fraction PB3 is used to estimate fraction PB2. Fraction PB2 is insoluble in buffer but soluble in neutral detergent, whereas fraction PB3 is insoluble in both buffer and neutral detergent, but is soluble in acid detergent. Fraction PB2 is fermented in the rumen at a lower rate than the buffersoluble fractions, and some of the PB2 fraction escapes to the lower gut. Fraction PB3 is believed to be more slowly degraded in the rumen than fractions PB1 and PB2 because of its association with the plant cell wall; a large proportion of PB3 is thus believed to escape the rumen. Fraction PC is acid detergent-insoluble N, which is highly resistant to breakdown by microbial and mammalian enzymes, and is assumed to be unavailable to the animal (Sniffen et al. 1992) .
The relative rumen degradation rates of the five protein fractions have been described by Sniffen et al. (1992) as follows: fraction PA is rapidly degradable with a degradation rate assumed to be infinity; fraction PB1 is rapidly degradable with a degradation rate of 120-400 %/h; fraction PB2 is intermediately degradable, possessing a degradation rate of 3 -16 %/h; fraction PB3 is slowly degradable with a degradation rate of 0·06-0·55 %/h; fraction PC is unavailable and considered to be undegradable.
Energy values
Estimated energy contents for total digestible nutrients at 1 £ maintenance, digestible energy at a production level of intake, metabolisable energy at a production level of intake and net energy for lactation at a production level of intake were estimated from the National Research Council (NRC) dairy model (National Research Council, 2001) , whereas metabolisable energy, net energy for maintenance and net energy for growth were estimated from the NRC beef model (National Research Council, 1996) .
Chemical analysis
Laboratory samples of the flaxseeds were prepared by grinding them to pass through a 1 mm screen. The DM (Association of Official Analytical Chemists official method 930·15), ash (official method 942·05), ether extract (official method 954·02) and CP (official method 984·13) contents were analysed according to the Association of Official Analytical Chemists (1990) procedure. The acid detergent fibre, neutral detergent fibre (NDF) and acid detergent lignin values were analysed according to the procedures of Van Soest et al. (1991) . NDF was determined without sodium sulphite (Van Soest et al. 1991) . The acid detergent-insoluble N and neutral detergent-insoluble N values were determined according to the procedures of Licitra et al. (1996) . Non-protein N content was obtained from the precipitation of true protein in the filtrate with TCA (final concentration 10 %) and determined as the difference between total N and the N content of the residue after filtration. Total soluble CP was determined by incubating the sample with HCO 3 -PO 4 buffer and filtering through Whatman filter paper. The true protein was calculated according to formulae of the NRC dairy model (National Research Council, 2001) . All chemical analyses were carried out in duplicate. If, however, the error of chemical analysis was more than 2 %, we reanalysed the chemical composition. The average values for analysed chemical composition are presented.
S-FTIR slide preparation
Flaxseed samples were cut into thin (6 mm thick) cross-sections at the Western College of Veterinary Medicine, University of Saskatchewan, Canada. The unstained cross-sections were mounted onto Low-e IR microscope slides (Kevley Technologies, Chesterland, OH, USA) for S-FTIR microspectroscopy in reflectance mode. A more detailed methodology for slide preparation and analysis has been reported by Yu et al. (2003b Yu et al. ( , 2004e,f, 2005a .
Synchrotron light source and FTIR microspectroscopy
The experiment (completely random design) was performed at the National Synchrotron Light Source at Brookhaven National Laboratory (Department of Energy, New York, USA). The beamline U10B (NSLS) was equipped with an FTIR spectrometer (Nicolet Magna 860) with KBr beam-splitter and liquid N-cooled mercury cadmium telluride (MCT) detectors (Nicolet Magna 860, Thermo Nicolet, USA) coupled with a Continum IR microscope (Spectra Tech, USA) with a Schwartzshild 32 £ objective and 10 £ condenser. Synchrotron radiation from the Vacuum Ultra Violet storage ring at beamline U10B (with an energy level of 800 MeV) entered the interferometer via an instrument port designed for IR emission. The IR spectra were collected in the mid-IR range of 4000-800 cm 21 at a resolution of 4 cm 21 with sixty-four scans co-added. The aperture setting was 10 £ 10 mm. Stage control, spectrum data collection and processing were performed using an OMNIC 6·0 (Spectra Tech). Scanned visible images were obtained using a charge-coupled device camera (Nicolet Magna 860) linked to the IR images.
Data analysis and chemical images
The spectral data of the flaxseed tissues were collected, corrected with the background spectrum, displayed in the absorbance mode and analysed using the OMNIC 6·0 (Spectra Tech). The data were displayed either as a series of spectroscopic images collected at individual wavelengths or as a collection of IR spectra obtained at each pixel position in the image. The S-FTIR absorbance was expressed as log (1/R). Chemical functional groups were identified according to published reports (Kemp, 1991; Himmelsbach et al. 1998; Wetzel et al. 1998; Jackson & Mantsch, 2000; Wetzel, 2001; Marinkovic et al. 2002; Miller, 2002) . Chemical imaging of the protein (amide I) and the protein to starch ratio in the intrinsic structures of the flaxseed tissues were determined by the OMNIC 6·0 software at the spectral region (1650 -1550 cm 21 , 1025 cm 21 ) of greatest interest. The protein to starch peak ratio was obtained from the height under the amide I functional group band (1650 cm 21 ) divided by the height under the starch functional group band (1025 cm 21 ) for each scan area (scan size 10 £ 10 mm) (Wetzel et al. 1998; Yu et al. 2003b; Yu, 2005b) .
The chemical mapping of the protein and protein to starch ratio at the beamline U10B provided spectral data selected with relatively 'pure' protein for modelling protein amide I component peaks. The selection procedure of the 'pure' protein in the flaxseed tissues followed the methodology published by Wetzel et al. (2003) . The brief procedure is described below.
Within each image of the raw and roasted golden flaxseed tissues, ten area samples in the endosperm region with the relatively pure 'protein' content were selected for quantification of protein secondary structures (a-helix to b-sheet ratio) at ultraresolution following the procedure of Wetzel et al. (2003) . This is because the endosperm matrix is heterogeneous. In order to eliminate the carbohydrate-scattering effect on the protein spectrum, the relatively 'pure' protein areas were selected for protein secondary structure analysis. The size of each probed area was 10 £ 10 mm, which was within plant cellular dimensions (5-30 mm).
Percentage of a-helixes and b-sheets in feed protein secondary structures Because the protein amide I component bands overlapped (Fig. 2) , a specific multipeak fitting or modelling procedure was required.
To determine the relative amounts of a-helixes and b-sheets in the protein secondary structures, two steps were applied. The first step was using Fourier self-deconvolution (FSD) to obtain the FSD spectrum in the protein amide I region in order to identify the protein amide I component peak frequencies (Fig. 2) . The detailed concepts and algorithm of FSD (a method for resolving intrinsically overlapped bands) have been described in Kauppinen et al. (1981) and Griffiths & Pariente (1986) . The second step was using a multipeak fitting program with Gaussian and Lorentzian functions ( Fig. 3) using Origin data analysis software (Origin Lab Corporation Northampton, MA, USA) to quantify the multicomponent peak areas in the protein amide I bands (Fig. 4 ). The differences between Gaussian and Lorentzian functions for multicomponent peak fitting and sample curves are shown in Fig. 3 . The detailed descriptions were reported in Origin in terms of the peak shape, centre, offset, width and area. The relative amounts of a-helixes and b-sheets based on the modelled peak areas were calculated according to the report generated by the software (Fig. 4 ).
Statistical analysis
Statistical analyses for this completely random design experimental design were performed using SAS (SAS, 1998) with the model:
where treatments ¼ F1 and F2, and multipeak fitting methods ¼ Gaussian and Lorentzian functions. Significance was taken as P, 0·05.
Results and discussion
Chemical composition of the raw and roasted golden flaxseed Table 1 presents the averages of the chemical analysis data for each composition of each flaxseed treatment. The percentage of analysis error was according to the laboratory analysis standard. The raw golden flaxseed had a similar chemical composition, in terms of ash and CP, to roasted flaxseed (Table 1) . The raw flaxseed was, however, lower in acid detergent fibre, NDF, acid detergent lignin (18 v. 72 g/kg NDF), non-protein N (145 v. 248 g/kg DM), acid detergent-insoluble CP and neutral detergent-insoluble CP (133 v. 196 g/kg CP), and higher in soluble CP (761 v. 209 g/ kg CP) than the roasted flaxseed. These results indicate that the roasting increased the fibre, lignin and neutral detergent-insoluble CP content. The higher soluble CP content of the raw flaxseed compared with the roasted flaxseed indicated that the roasting reduced protein solubility.
Energy content of the raw and roasted golden flaxseeds
A summative approach was used to derive the total digestible nutrients at 1X maintenance value (National Research Council, 2001) . In this approach, the concentrations of truly digestible non-fibre carbohydrate, CP, crude fat and NDF for each feed are estimated from Weiss's equations (Weiss et al. 1992) . Using these equations, the predicted energy values were similar in the raw and roasted golden flaxseeds (Table 1) , with average values for total digestible nutrients at 1 £ maintenance of 128 %, for digestible energy at a production level of intake, metabolisable energy at a production level of intake and net energy for lactation at a production level of intake, using the NRC (2001) dairy model, of 22·7, 21·9 and 15·8 MJ/kg DM, respectively, and for metabolisable energy, net energy for maintenance and net energy for growth, from the NRC (1996) beef model, of 20·3, 14·6 and 10·6 MJ/kg DM, respectively. The energy value (total digestible nutrients at 1X maintenance) for flaxseeds is similar to that of rapeseeds, which is 127 %, and a little higher than that of oil seeds, which averages 122 % in the NRC (2001) data, suggesting that flaxseed is an attractive alternative to rapeseed as a potential supplement in dairy and beef cattle diets. It has, however, been noted that the energy value of a feed can be determined by different approaches, and the energy values of a feed derived from different methods may not be in agreement with each other (Yu et al. 2004b) . Previous work has shown that the use of three approaches (the NRC chemical approach, and in vitro and in situ biological approaches) has resulted in significant differences in the prediction of energy values, the highest predicted values being found using the in situ method, intermediate values coming from the in vitro approach, and the lowest values being seen with the NRC formula method (National Research Council, 2001) , indicating that a refinement of the model is needed to predict energy values accurately.
Protein fractions of raw and roasted golden flaxseeds and association with rumen degradation characteristics
In models designed to assess the utilisation of feed protein by ruminants, it is assumed that most of the soluble protein (PA and PB1) is completely and quickly degraded in the rumen, and that varying proportions of the insoluble fractions (PB2, PB3, PC) escape ruminal degradation depending on the interactive effects of digestion and passage (Sniffen et al. 1992) . Because various protein fractions differ in their rate and extent of ruminal degradation, the proportions of these different protein fractions in feedstuffs are believed to influence the amounts of ruminally degraded and escaping protein consumed by animals (Elizalde et al. 1999) . Table 1 illustrates the quantitative effect of roasting the flaxseeds on the components and proportions of the protein (PA, PB1, PB2, PB3, PC) fractions. Comparing the raw and the roasted seeds, the raw seeds were higher in PA (43 v. 21 g/kg DM) and PB1 (255 v. 64 g/kg DM), but lower in PB2 (41 v. 243 g/kg DM), PB3 (41 v. 243 g/kg DM) and PC (12 v. 16 g/kg DM), indicating large and potential differences in rumen CP degradation characteristics between the raw and the roasted golden flaxseeds. The higher PA and PB1 content of the raw flaxseeds indicated that the roasting process reduced the level of soluble protein (PA þ PB1), which is quickly degraded in the rumen. The presence of smaller PB2 and PB3 fractions associated with the cell wall in the raw flaxseeds indicated that roasting increased the proportions degraded at low and intermediate speeds. Fraction PC consists of protein bound to lignin and Maillard reaction protein. From the nutritional point of view, this fraction appears to be essentially indigestible, and the amount apparently digested is poorly used by the ruminant animal (Sniffen et al. 1992; Chaudhry & Webster, 1993; Rebolé et al. 2001 ). In the present study, the roasted flaxseed had a higher PC fraction than the raw flaxseed, which indicated that the roasting increased the undegradable and undigestible protein fractions, which may be an indication of overprocessing and a reduction of protein nutritional value.
Tissue imaging of protein, and protein to starch ratio
Each biological component has a unique molecular chemical and structural profile, and thus each has its own unique IR spectrum. The characteristic of the protein structure is unique in terms of the peptide bond. The peptide bond contains C ¼ O, C -N and N-H (Fig. 5) . The amide I bond is primarily C ¼ O stretching vibration (80 %) plus C-N stretching vibration (Fig. 5 ). Amide I absorbs at approximately 1650 cm 21 . Amide II, which absorbs at 1550 cm 21 , consists primarily of N -H bending vibrations (60 %) coupled with C-N stretching vibrations (40 %; Fig. 5 ). Carbohydrates are composed of sugars with OH and CO bonds. Depending on the bond linkage and type of sugar, the IR position for carbohydrate lies between 1180 and 950 cm 21 . For example, in grain endosperm, starch absorbs at approximately 1025 cm 21 (Himmelsbach et al. 1998; Wetzel et al. 1998 Wetzel et al. , 2003 Jackson & Mantsch, 2000; Miller, 2000 Miller, , 2002 Wetzel, 2001; Marinkovic et al. 2002; Yu et al. 2004a) . Fig. 6 represents colour maps of the functional groups of the flaxseed endosperm tissue and single-pixel spectra measuring an area as small as 10 £ 10 mm of the sample. These maps show the distribution and relative concentration of the components associated with the flaxseed's inherent microstructure, imaged in terms of a false-colour representation of the chemical intensities. Blue denotes high intensity, red low intensity and white a lack of functional groups. The spectrum in the figure corresponds to the pixel in the cross-hair and was selected to represent the value of the integrated peak. Fig. 6 (A) shows the areas under the 1650 cm 21 peak attributed to protein amide I absorption (Miller, 2000; Wetzel, 2001) . Amide I (1650 cm 21 ) characteristically contains C ¼ O and N -H bonds in the protein backbone, which indicate the area of the sample where protein is present (Wetzel, 2001; Marinkovic et al. 2002; Miller, 2002 (A) clearly shows that protein is unequally distributed in the endosperm areas of the flaxseed tissues, indicating heterogeneity of the flaxseed endosperm.
The biological component ratio images showing the structural chemical features can be obtained by dividing the height or area under one functional group band by the height or area under another functional group band at each pixel. The biological component ratio image has two advantages. The first is that using these ratios eliminates any spectral intensity variations caused by changes in tissue thickness. The second advantage is that the ratio maps are able to indicate the relative biological component contents, which could be used to determine food or feed quality characteristics and nutritive values (nutrient utilisation and availability). Fig. 6 (B) represents peak ratio maps, representing the biological component ratio distribution and intensity in the inherent structure. The height under the 1650 cm 21 band divided by the height under the peaks around 1025 cm 21 at each pixel represent the ratio of protein to total starch in the tissue. Again, Fig. 6  (B) shows that the protein to starch ratio is unequally distributed in the endosperm areas of the flaxseed tissue, indicating endosperm heterogeneity.
The chemical mapping results demonstrate the potential of highly spatially resolved IR microspectroscopy to reveal the flaxseed tissues at a cellular level. The protein and intensity, even within the cellular dimensions of the flaxseed tissues, are unequally distributed, which justifies the need to select areas with relatively 'pure' protein for the study of protein secondary structures, with minimum disturbance from other biological components, such as carbohydrates. Wetzel et al. (2003) and Yu et al. (2004c) also reported a heterogeneous matrix dominated by starch in wheat endosperm and barley endosperm (Yu et al. 2004a ).
Characteristics of protein secondary structures of flaxseed tissues
Typically, protein secondary structures include mainly the a-helix and b-sheet ( Fig. 5 ; Dyson & Wright, 1990; Carey, 1996) . Random coils and b-turns exist in only small amounts in protein secondary structures. The protein IR spectrum has two primary features, as indicated before -the amide I (1600-1700 cm 21 ) and amide II (approximately 1500-1560 cm 21 ) bands -which arise from specific stretching and bending vibrations of the protein backbone. The amide I band arises predominantly from the C ¼ O stretching For the a-helix, the peak is at approximately 1648 -1658 cm 21 . (C) For the b-sheet, the peak lies at approximately 1620 -1640 cm 21 . (D) Biological system spectra (amide I and II bands in the mid-IR region). (eg Mantsch & Chapman, 1996; Martin, 2002) vibration of the amide C ¼ O group. The vibrational frequency of the amide I band is particularly sensitive to protein secondary structure (Kemp, 1991; Jackson & Mantsch, 2000; Miller, 2000 Miller, , 2002 Martin, 2002; Wetzel et al. 2003) and can be used to predict protein secondary structure. For the a-helix, the amide I is typically in the range 1648-1658 cm 21 . For the b-sheet, the peak can be found within the range of 1620-1640 cm 21 (Martin, 2002) . Amide II (predominantly an N-H bending vibration coupled to C-N stretching) is also used to assess protein conformation. As, however, this arises from complex vibrations involving multiple functional groups, the amide II band is less useful for predicting protein structure than the amide I band (Jackson & Mantsch, 2000) . Fig. 2 (A, B) shows the typical protein amide I and amide II spectra of the flaxseed tissues. The spectrum of the original amide I band (baseline 1708-1595 cm 21 ) shows a peak centre at approximately 1650 cm 21 , with shoulders at approximately 1690 and 1675 at the left and 1630 and 1600 cm 21 at the right (Fig. 2 (C) ). This was confirmed from the FSD spectrum of amide I in the flaxseed tissues ( Fig. 2 (D) ).
Modelling of protein amide I peaks to quantify the percentage of protein secondary structures
Owing to the fact that protein amide I component peaks overlap each other (Fig. 2) , FSD was used to obtain FSD spectra to identify the amide I component peak frequencies (Fig. 4) , which were approximately 1690, 1675, 1655, 1632 and 1600 cm 21 ; multicomponent peaks fitting with Gaussian and Lorentzian functions (Fig. 3) were then used to quantify the multicomponent peak area in the protein amide I region. Statistical analysis shows that effect of the flaxseed treatments (F1, F2) on all measured parameters was significantly different (P, 0·05), but fitting methods (Gaussian v. Lorentzian) and fitting methods and treatment interactive effects were no different (P.0·05) in the present study. Table 2 shows the percentage of a-helixes and b-sheets in the protein secondary structures of the flaxseed tissues for raw and roasted golden flaxseeds. Comparing the raw and roasted golden flaxseeds, the roasting reduced (P,0·05) the percentage of ahelixes (from 47·1 % to 36·1 %; S-FTIR absorption intensity) and increased the percentage of b-sheets (from 37·2 % to 49·8 %; S-FTIR absorption intensity), indicating that roasting may have negatively affected protein quality, utilisation and availability because roasting increased the level of b-sheets in the roasted flaxseeds. The increase in the number of b-sheet structures detected after heat treatment may be due to the fact that proteins tend to aggregate after heating at high temperatures, forming intermolecular b-sheet structures. Table 3 shows the ratios of a-helixes and b-sheets in the protein secondary structures of the flaxseed tissues in the raw and roasted flaxseeds. Comparing the raw and roasted golden flaxseeds, the roasting reduced (P, 0·05) the ratio of a-helixes to b-sheets (from 1·3 to 0·7) and increased the b-sheet to a-helix ratio. No published results have been found for the characteristics of the protein secondary structures of flaxseeds, or for the effects of heat treatment or feed-processing. The results indicated that heat-processing might have a significant impact on flaxseed protein secondary structures. In terms of nutritional value, the difference in the percentages of protein secondary structures may be part of the reason underlying the different protein digestive behaviours and availabilities. Information from the present study by the IR probing of protein secondary structures may be valuable as a guide for flaxseed breeders and the feed/food-processing industry to improve and maintain protein nutritional value and quality for animal and human use. The present results demonstrate the potential of highly spatially resolved synchrotronbased IR microspectroscopy to identify 'pure' protein areas in feed tissues, localise the chemical microstructure and reveal the protein secondary structure of flaxseeds at a cellular level, which provide an indication of protein quality.
Protein secondary structures in relation to protein fractions and rumen degradation characteristics of protein fractions
A high proportion of b-sheet structure may partly cause a low access to gastrointestinal digestive enzymes, which results in a low protein value. Recent research has shown that different feed protein sources have different percentages and ratios of a-helixes and b-sheets in their protein secondary structures (Yu et al. 2004c ). These protein structures are highly related to protein values. Feather contains a high protein content (84 %), but its protein digestibility is very low (5 %) in comparison with that of other protein sources such as barley, oats and wheat. The low digestibility of feather protein is closely related to structural characteristics such as the relationship of bsheets to solubility, the keratin content and the disulphide bonding of the amino acids (Ward & Lundgren 1954; Fraser et al. 1972; Greg & Rogers, 1986; Chandler, 2003) . Our work (Yu et al. 2004c ) has shown that feather contains a high (88 %) proportion of b-sheets and a low (4 %) proportion of a-helixes, but the other protein sources with a high protein nutritive value contain a much lower percentage of bsheets and a higher one of a-helixes: barley, for example, contains 17 % b-sheets and 71 % a-helixes (Yu et al. 2004c) .
The present study demonstrated that the differences in the percentages of protein secondary structures, and the a-helix to b-sheet ratio of IR absorption intensity, were partially explained by the different protein digestive behaviours, nutrient utilisation and availability in animals. In the present study, roasting significantly reduced the percentage of a-helixes and increased that of Means values within a column with the same letter in the same column are not significantly different (P.0·05).
b-sheets, thus increasing the b-sheet to a-helix ratio, which indicated a potential increase in the undegradable and undigestible protein fraction in animals. Using the CNCPS system, it was evident that protein fraction PC, which is undegradable, undigestible and associated with lignin and heat-damaged protein, was also increased. These results suggest that the synchrotron-based IR probing of protein secondary structures might be valuable as a guide for screening the protein quality of feed-processing and treatment in order to prevent overcooking and undercooking. S-FTIR microspectroscopy is a non-invasive, non-destructive, rapid-analysis technique capable of revealing feed structure and feed molecular chemistry at a cellular level, unlike traditional 'wet' chemical analyses, which rely heavily on the use of harsh chemicals and derivatisation, therefore altering the native feed structures and possibly generating artefacts. 'Wet' analyses also require reasonable amounts of feed material (gram or milligram levels), which usually means that they are carried out on composite samples of tissues (Stewart et al. 1995) . In addition, traditional 'wet' chemical analysis is time-consuming, expensive and prone to errors within and between laboratories.
Conclusion
In conclusion, S-FTIR microspectroscopy allows the ultrastructural and chemical make-up and nutritive characteristics to be revealed at a high ultraspatial resolution. S-FTIR microspectroscopy was able to identify relatively 'pure' protein in feed tissues and revealed that the secondary structure of protein differed between the raw and roasted golden flaxseeds in terms of the percentages and ratio of a-helixes and b-sheets in the mid-IR range at a cellular level. By using multicomponent peak modelling, the results show that roasting reduced (P, 0·05) the percentage of ahelixes (from 47·1 % to 36·1 %; S-FTIR absorption intensity), increased the percentage of b-sheets (from 37·2 % to 49·8 %; S-FTIR absorption intensity) and reduced the a-helix to b-sheet ratio (from 1·3 to 0·7) in the golden flaxseeds. The present results indicate a negative effect of roasting on protein values, utilisation and availability. The CNCPS system also revealed that roasting increased the amount of protein bound to lignin, and/or Maillard reaction protein (both of which are poorly used by ruminants), and increased the amount of indigestible and undegradable protein. The results demonstrate the potential of highly spatially resolved synchrotron-based IR microspectroscopy to reveal feed protein secondary structures and protein nutritive values. Further study is needed to determine the sensitivity of the protein secondary structures of each feed to various heat-processing methods, and to quantify the relationship between protein secondary structures and the nutrient availability and digestive behaviour of various feed protein sources. 
